Abstract: Alcohol abuse and alcoholism are serious and costly problem in USA. Thus, the development of anti-alcoholism agents could be very significant. The understanding of the neurochemical basis underlying the addictive properties of drugs of abuse is imperative for the development of new pharmacological means to reverse the addictive state, prevent relapse or to reduce the intake of addictive compounds. The nicotinic acetylcholine receptors (nAChRs) are important therapeutic targets for various diseases. Recent studies have revealed that the α3β2, α3β3, and α6 subunits of nAChR protein family might be pharmacological targets for developing new drugs in the treatment of alcoholism. We have performed computational homology modeling of the α3β2, α3β3, and α6 subunits of human nACHRs based upon the recently determined crystal structure of the extracellular domain (ECD) of the mouse nAChR α1 subunit complexed with α-bungarotoxin at 1.94Å resolution. For comparison, we also built the ECD models of α4β2, and α7 subunits of human nACHRs which are neurochemical targets for cessation of smoking. The three-dimensional (3D) models of the ECD of the monomer, and pentamer of these human nAChR were constructed. The docking of the agonist in the ligand-binding pocket of the human nAChR dimers was also performed. Since the nAChR ligand-binding site is a useful target for mutagenesis studies and the rational design of drugs against various diseases, these models provide useful information for future investigation.
Introduction
Alcohol abuse and alcoholism are among the most serious and costly problems of Western society. In the United States, about 10% of the population abuse alcohol. The economic cost is more than $185 billion every year (Gao et al., 2003) . Thus, the development of safe and effective anti-alcoholism agents is highly desirable. The understanding of the neurochemical basis underlying the addictive properties of alcohol abuse is imperative for the development of new pharmacological means to reverse the addictive state, prevent relapse or to reduce the intake of addictive compounds. During the last few years new pharmacological strategies, most notably naltrexone and acamprosate (Spanagel and Kiefer, 2008) , have been introduced for reducing alcohol consumption and preventing relapse in alcoholic patients.
Accumulating evidence from electrophysiological, *Corresponding author. E-mail: huzengjian@yahoo.com pharmacological and neurochemical studies suggest that ethanol may interact with the nAChRs. It has been shown that the ethanol-induced stimulation of the mesolimbic dopamine system and of locomolor activity as well as ethanol intake and preference in rodents may involve central nAChRs. Additionally, data has been presented that nAChRs located in the ventral tegmental area may be of particular importance for these effects of ethanol (Larsson and Engel, 2004) .
Recently studies aimed at defining the nAChRs subunits involved in mediating ethanol-induced locomotor stimulation and accumbal dopamine overflow as well as ethanol intake have revealed that the α3β2, α3β3, and/or α6 subtypes of nAChR protein family could constitute neurochemical targets for developing new drugs in the treatment of alcoholism (Jerlhag et al., 2008; Jerlhag et al., 2006; Narahashi et al., 1999) , which arouses our interest to design small molecule agonists of human nAChRs subunits using structure-based design methods. It is highly desirable to find drugs that can selectively interact with different nAChR subtypes. In or-der to perform structure-based drug discovery for treatment of alcoholism, it is vital important to understand the 3D structures of nAChR α3β2, α3β3, and/or α6 subtypes, particularly their ligand-binding domain. However, so far no crystal structures for human nAChRs are available yet. Lack of information on the nAChR 3D structures has prevented attempts to design nAChR agonists with diverse specificity profiles.
nAChR is a well studied, pharmacologically important member of the Cys-lop superfamily of oentamiric ligand-gated ion channels (Albuquerque et al., 2009) . They are composed of five membrane-spanning subunits arranged around a central pore (Wells, 2008) . There are two groups of nAChRs: the muscle type and neuronal type, consisted of a variety of subunits in different combinations. A variety of nAChR subtypes are known to exist, depending on different subunit assemblies (α1-α10, β1-β4, δ, γ and ε) (Alkondon and Albuquerque, 2004) . They are composed of a large N-terminal ECD (also called ligand-binding domain, LED), four hydrophobie transmembrane regions (M1-M4), one intracellular domain joining M3 and M4 and a small extracellular C-terminal domain.
The current interest in nAChRs stems from the fact they are important pharmaceutical targets for many human diseases, such as cognitive and attention deficits, Alzheimer's disease, Parkinsons's disease, epilepsy, schizophrenia, anxiety, pain management, as well as for cessation of smoking and alcohol drinking (Steinlein and Bertrand, 2008) . In order to treat these diseases, it would be helpful to design drugs that can selectively interact with different nAChR subtypes. For this purpose, it is important to have a detailed knowledge of nAChRs ligand binding site.
The first breakthrough in the investigation of the structure of ECD of nAChRs was the elucidation of the X-ray structure of a soluble acerylcholine-binding protein (AChBP) which is a functional homologue of the ECD of nAChRs (Brejc et al., 2001 Ihara et al., 2008) . AChBP has the same pentameric assembly as nAChRs and shares ∼24% sequence identity with nAChRs. The discovery of AChBP has paved the way to the construction of structural models of the nAChR's LED using homology modeling (Krieger et al., 2003) A further breakthrough in the structure studies of the nAChRs was the recent crystal structure determination of the entire N-terminal extracellular domain of the mouse nAChR a1 subunit bound to α-bungarotoxin at 1.94Å resolution (Dellisanti et al., 2007) . Since this structure provides the first high-solution view of the ECD of nAChRs and is better than AChBP to be used to model the ECD of the human nAChR subunits due to the high degree of homology between them, it is a good template for the modeling of the ECD of the human nAChRs. Model of the ECD of the human α7 nAChR based on the 3D structure of the mouse α1 nAChR ECD has been reported (Konstantakaki et al., 2008) .
Using the crystal structure of the mouse α1 nAChR ECD as a template, we have built both monomer and pentamer models of the LED of human nAChR α3β2, α4β2, α3β3, α6, and α7 subunits by computational homology modeling. The resulting models provide molecular targets for structure-based design of subtypespecific nAChR agonists. Computational docking study also was carried out to gain understanding on the interactions between nicotine and nAChR.
Methods

Preparation of the Sequence and Template
The amino acid sequences of the human nAChR α3 (hA3), α4 (hA4), α6 (hA6), α7 (hA7), β2 (hB2), and β3 (hB3) were obtained from the National Center for Biotechnology Institute (NCBI). The Uniprot accession number for hA3, hA4, hA6, hA7, hB2, and hB3, are P32297, P43681, Q15825, P36544, P17787, and Q05901, respectively. The sequences were first edited to remove the signal peptide segments. All subsequent amino acid numbering is based on the mature sequences without the signal peptide. The sequences were then edited to remove all of the residues beyond LED. The X-ray structure of the ECD of the α1 subunit of the mouse nAChR (Dellisanti et al., 2007) , the first X-ray structure obtained of a region of the nAChR (PDB: 2QC1), was used as the template and was edited so that it contained only the chain B, and hereafter it was referred to as 2QC1B.
Sequence Alignments
The edited sequences of six human nAChR momomers (hA3, hA4, hA6, hA7, hB2, and hB3) were first aligned to the ECD of the mouse nAChR α1 subunit template respectively using the BLAST server at NCBI (http://blast.ncbi.nlm.nih.gov/). They were further refined by aligning these six sequences with the struc-ture of 2QC1B based on a dynamic programming algorithm present within the MODELLER software package (Sali and Blundell, 1993) , which is different from standard sequence-sequence alignment methods because it takes into account structural information from the template when constructing an alignment. This task is achieved through a variable gap penalty function that tends to place gaps outside secondary structure segments (Fig. 1) . This improvement becomes more important as the similarity between the sequences Fig. 1 Multiple sequence alignment of the ECDs of the mouse α1 with human nAChR monomers. The alignment was divided into subunit 1 monomers (top, α3, α4, α6, and α7) and subunit 2 monomers (bottom, β2, and β3). Identical residues are shown in bold, while residues involved in ligand binding are shown in underline. Secondary structure elements are shown under the sequences: H= a-helix, B=b-strand.
decreases and the number of gaps increases.
Homology Modeling
Based on the sequence alignment with the ECD of the α1 mouse subunit, the three-dimensional model of the LBD of six human nAChR monomers were built using the program MODELLER (Sali and Blundell, 1993) . The MODELLER's automodel command was invoked by a script (model-single.py) to automatically assign atomic coordinates to regions structurally aligned with the template, build intervening loops, optimize the rotamers of amino acid side chains, and perform an initial energy optimization of the structure, using the 2QC1B template structure and the alignment obtained in the previous sequence alignment stage (file: model-tem.ali). For each monomer, 5 models were generated, and the model with the lowest value of the MODELLER objec-tive function was selected for further refinement.
The pentameric structures of the ECD of five human nAChR subunits, α3β2, α4β2, α3β3, α6, and α7, were modeled using the X-ray structure of the AChBP pentamer (PDB: 1I9B) (Brejc et al., 2001 ) as the template. The 3D structures were derived using Chimera program (Meng et al., 2006) to superimpose corresponding human nAChR monomers to the A-, B-, C-, D, and Echains of 1I9B consecutively.
The models generated were subjected to an overall energy minimization with respect to all atoms to finalize the entire pentamer structure using CHARMM program (Miller et al., 2008; Kim et al., 2008; Brooks et al., 1983 ).The energy calculation and minimization was performed with GBMV (Generalized Born using Molecular Volume) implicit solvation model. This model mimics the Poisson-Boltzmann (PB) electrostatic solvation energy calculation using a generalized Born method, which allows the computation of solvation energies very similar to the PB equations. The PB method has been considered a benchmark for implicit solvation calculations (Lee et al., 2003) . The resulting models were used for next molecular docking and virtual screening step without any further refinement.
Docking of nicotine with the homodimer
The docking of nicotine was performed with the program WinDock developed in our laboratory (Hu and Southerland, 2007) , which uses the widely distributed DOCK searching engine (Ewing et al., 2001; Moustakas et al., 2006) to dock flexible small molecules to macomolecular sites, and to evaluate the binding affinity of ligands. WinDock's SPHBOC module was used to determine the binding site and produce a set of spheres for binding site characterization. Contact scores and energy scores were calculated using an energy cutoff distance of 6.0Å and a van der Waals repulsive exponent of 8.0Å. Ligands were oriented to the spheres with a distance tolerance of 0.5Å and distance minimum of 2.0Å. A minimum anchor size of 50 was used with an internal energy repulsive exponent of 8.0Å and clash overlap of 0.25Å. All other parameters were left as their defaults.
Results
Sequence Alignments.
Since the structure of a protein is uniquely determined by its sequence and similar sequence fold into similar structures, it is possible to obtain the structure of a protein by sequence alignment of its sequence with knowing protein structure (Krieger et al., 2003; Rost, 1999) , as long as the length of two sequences and the percentage of identical residues fall in the region marked as "safe" in Fig. 2 . Protein sequence alignments thus unambiguously distinguish between protein pairs of similar and non-similar structure (Rost, 1999) .
Based on the sequence alignment, the structure of the ECD of the mouse nAChR α1 subunit is better than AChBP to be used to model the ECD of the human nAChR subunits due to the high degree of homology between them (Table 1 and Fig. 2) , which is about 50% higher than the degree of identity between the ECDs of the human nAChR subunits and AChBP. 
Human nAChR monomers
The overall 3D structural model of the ECD for human nAChR monomers were given in Fig. 3 . As expected from the low number of insertions/deletions, the model of the ECD of the human nAChR monomers does not differ largely from that of the template. It consists of an N-terminal α-helix followed by ten strands that form a β-sandwich. The inner sheet is made of strands β1, β2, β3, β6, and β8, whereas the outer sheet is made of strands β4, β7, β9, and β10. A disulphide bond is formed between Cys128 on the inner sheet and Cys142 on the outer sheet, liking the two sheets together. In-vestigation has shown that loops β4-β5 (A), β7-β8 (B), and β9-β10 (C) serves as the principle ligand-binding elements (Brejc et al., 2001 ; Sin and Engel, 2006; Unwin, 2005) , while loops β1-β2, β6-β7 (Cys loop), and β8-β9, three membrane-facing loops, has the important role in the interaction between the ECD and the transmembebrane domain during ligand-induced gating (Dellisanti et al., 2007) . The 13-residue Cys loop, which is highly conserved in the nAChRs, adopts a similar structure to that of the mouse α1 ECD as a type VIb turns. Phe135, located the tip of the Cys-loop, has the structural role to maintain this unique conformation and has been shown to be a key residue for the function of nAChR (Dellisanti et al., 2007) .
Human nAChR pentamers
Like the AChBP pentamer, the resulting 3D structural model of the ECD of human nAChR shows fivefold symmetry when viewed along the axis (Fig. 4) . It was a barrel of 80´Å diameter and 63´Å height with a central irregular pore (10-15´Å).
The comparison of the structure of the mouse α1 ECD with that of AChBP and the electron microscopic model of the T orpedo nAChR pentamer indicated that monomeric state of the mouse α1 ECD crystal structure does not significantly affects its structure, especially in regions that are expected to interact with the adjacent subunits (Dellisanti et al., 2007) . Therefore, the modeled structures of the ECD of human nAChR pentamer could be used to investigate the ligand binding.
The ligand binding site
The model of the ligand-binding pocket of the human α3β2 nAChR dimer and its complex with nicotine is shown in Fig. 5 . The dimmer interface is formed by an interlocking array of neighboring chain secondary structure elements. The residues involved in the dimmer interface are listed in Table 2 . The interface consists of 18 residues (16 for α6 dimer), of which 8 or 7 are from chain A and rest from chain B. Identification of all residues involved in the ligand binding (e.g. agonists, competitive antagonists, and noncompetitive agonists) is a primary objective to understand which strctureal components are related to the physiological function of nAChR. The position of the ligand in the current models is in good agreement A  TYR93  TYR93  TYR98  TYR98  TYR93   SER148  SER148  SER153  SER153  SER148   TRP149  TRP149  TRP154  TRP154  TRP149   SER150  SER150  THR155 THR155  SER150   TYR151  TYR156   ILE188  ILE188  ILE193   TYR190 TYR190 TYR195 TYR195 TYR188   CYS190   CYS191   TYR197 TYR197 TYR202 TYR202 TYR195   B  TRP57  TRP56  TRP57  TRP60  TRP55   THR59  LYS58  THR59  ARG62  GLN57   MET58   LYS79   LYS80   ARG79   SER108   ASN109  LYS108  ASN109  LYS112  ASN107   ALA110  VAL109  ALA110  ALA113  VAL108   VAL111  ILE110  VAL111  LEU114  LEU109   PHE119  VAL118  PEH119  THR122  GLN117   TRP120  TRP119  TRP120  TRP123  TYR118   LEU121  THR120  LEU121  THR124  LEU119   PRO121  PRO122   ASP171  ASP170  ASP171  ASP174 with the results of biochemical experiments performed on T orpedo nAChR. According to the mutagenesis experiments, residue Trp149 is able to establish a π-cation interaction with the ammonium group of acetylcholine (Zhong et al., 1998) . Moreover, photolabeling experiments have shown that residues Tyr190 and Tyr198 in α subunit were the principal amino acids labeled by [3H]nicotine (Middleton and Cohen, 1991) , residue Trp55 was the primary site of [3H]nicotine photoincorporation within a non-α-subunit (Chiara et al., 1998) , and residues Tyr190 and Tye198 involved primarily in the interaction with the ester moiety of acetylcholine (Grutter et al., 2000) . In addition, residue Tyr93 within α subunit was identified as contributing to the cation-binding domain of the AChR agonist-binding site . All these residues mentioned are key residues in the ligand-binding pockets of our ECD models of the human nAChR α3β2, α3β3, α4β2, α6, and α7 subunits (Table 2) . Furthermore, the ligand-binding site of our human nAChR α7 model is formed essentially by the same residues as those in the chicken α7 nAChR modeled previously (Le Novère et al., 2002). The key residues involved in the formation of the ACh-binding site are also involved in the formation of nicotine-binding site: Tyr93, Trp149, Tyr151, Tyr188, Cys190 and Tyr195 from chain A, and Trp55, Leu109, Gln117, and Leu119 from chain B.
Investigations have indicated that the major role of α subunits of nAChRs in the channel gating process is proving the principle binding surface (the plus side) (Brejc et al., 2001; Sin and Engel, 2006; Unwin, 2005) . It could be shown ( Fig. 1 and Table 2 ) that residues from the principle subunit involved in ligand binding are generally conserved (the residues in bold in Table  2 ), whereas the residues in the complementary part (minus side) of the binding site shown more variation. Previous studies have indicated that the β subunits confer agonist selectivity to the nAChRs (Cohen et al., 1995; Luetje and Patrick, 1991; Parker et al., 1998; , it is therefore possible to design nAChR subtype-specific drugs according to the difference between ligand binding sites of human nAChRs.
Conclusion
Alcoholism and alcohol abuse are one of the most prevalent neuropsychiatric diseases and have an enormous health and socioeconomic impact. The human nAChR α3β2, α3β3, and α6 subtypes have been shown to be neurochemical targets for developing new drugs in the treatment of alcoholism. To discover new drugs using structure-based method, it is important to find the 3D structures of these human nAChR subtypes. Based on the crystal structure of the ECD of the mouse α1 nAChR, the ECD models of the human nAChR α3β2, α3β3, α4β2, α6, and α7 subunits was constructed using comparative modeling. The 3D models of the ECD of the monomer, and pentamer of these human nAChRs were constructed. The docking of the agonist nicotine in the ligand-binding pocket of the human nAChR dimers was also performed. Since the nAChR ligandbinding site is a useful target for mutagenesis studies and the rational design of drugs that can selectively activate different human nAChR subtypes against various diseases, these models provide structural frames for future investigation.
